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Abstract

Titanium dioxide engineered nanoparticles (nano-TiO,) are widely used in the manufacturing of a
number of products. Due to their size (<100 nm), when inhaled they may be deposited in the distal
lung regions and damage Clara cells. We investigated the mechanisms by which short-term (one-
hour) incubation of human airway Clara-like (H441) cells to nano-TiO, (6 nm in diameter) alters
the ability of H441 cells to adhere to extracellular matrix. Our results show that one h post
incubation, there was a three fold increase of extracellular H,O,, increased intracellular oxidative
stress as demonstrated by 2/,7/-dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation, and a
five-fold increase of phosphor-ERK1/2 as measured by Western blotting. These changes were
accompanied by a 25% decrease of H441 adherence to fibronectin (p<0.05 compared to vehicle
incubated H441 cells). Pretreatment with the ERK1/2 inhibitor U0126 for three h, partially
prevented this effect. In conclusion, short-term exposure of H441 cells to nano-TiO, appears to
reduce adherence to fibronectin due to oxidative stress and activation of ERK1/2.
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1. Intoduction

Engineered nanoparticles are particles of matter purposely sized to less than 100 nm at least
in one of their dimensions. Their physicochemical properties are unique, compared to
particles of larger dimensions but of similar material composition (Auffan et al., 2009). The
nanoparticle industry is developing rapidly and by the year 2015, it is estimated that two
million workers would be required to satisfy the demands of nanoparticle-based usage
worldwide (Buzea et al., 2007; Lanone and Boczkowski, 2011). As human exposure to
nanoparticles on a occupational and consumer basis is inevitable, it is important to
investigate their biological effects.

Titanium dioxide (TiO,) nanoparticles are used in sunscreens, cosmetics, toothpastes, milk
industry, pigments, toner, coating material as well as drug delivery vehicles (Institute of
Occupational Medicine, HSE, 2004). In 2004, worldwide production of titanium dioxide
was 4.4 million tons (Vainio, 2006). Humans are highly likely to be exposed to nano-TiO,
through inhalation, digestion, and uptake through the skin (Oberddrster et al., 2005).
Although TiO» has been considered inert and used as a negative control in many
toxicological studies investigating animal exposure to nanoparticles, several lines of
investigation support the notion that this is not the case. For example, exposure of cells to
anatase (a crystalline form of TiO5) for periods ranging from 4-48 h, leads to production of
reactive oxygen species (ROS), cytotoxicity and genotoxicity (Bhattacharya et al., 2009;
Falck et al., 2009; Jin et al., 2010; Msiska et al., 2010; Sohaebuddin et al., 2010). Moreover,
intratracheal instillation of nano-TiO, can induce severe emphysema-like lung injury in
mice, while intra-peritoneal injection was shown to lead to interstitial pneumonia,
thrombosis of the pulmonary vascular system and lesion formation in the lung, kidney,
spleen and liver (Chen et al., 2006; 2009). Thus, there is increasing evidence that nano-TiO»
exert toxic effects at the cellular and organism level. Additionally, the International Agency
for Research on Cancer recently classified TiO, as a Group 2B carcinogen (Msiska et al.,
2010). Moreover, various inhaled nanoparticles (including TiO») of approximately 20 nm in
size or less have been shown to enter the systemic circulation rapidly (within an hour),
therefore studying their effects on distal lung cells for exposure times of this range is very
relevant (Buzea et al., 2007).

Clara cells (non-ciliated bronchiolar cells) are located in the distal airways and play a pivotal
role in the maintenance of the epithelium in the distal conducting airways as well as in the
injury repair of the bronchi and the alveolus (Atkinson et al., 2008; Dombu et al., 2010).
Therefore, their ability to migrate towards the site of injury and to adhere to the extracellular
matrix is essential for effective injury repair. Clara cells predominantly adhere to fibronectin
and express alpha-5 integrin which along with beta-1 integrin form the fibronectin receptor
(Atkinson et al., 2008). Human H441 cells, that possess properties of Clara cells and

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zarogiannis et al.

Page 3

bronchial epithelial cells, are a well-established model system for studying the
pathophysiology of Clara cells (Althaus et al., 2011).

In this study we assessed the short-term effects (1h of exposure) of ultrafine nano-TiO, on
H441 cells on their adhesion to fibronectin. We found that nano-TiO, reduced the adhesive
properties of H441 cells by the induction of extracellular and intracellular oxidative stress
and activation of ERK1/2 pathway. Our results suggest that even transient exposures to
nano-TiO, may affect airway epithelial physiology.

2. Materials and methods

2.1 Titanium dioxide nanoparticles

Anatase TiO, nanoparticles were prepared using 3:1 mixture of titanium isobutanol,
Ti(Obu)4, and iso-propanol, as precursor as previously described (Ao et al., 2008). This
mixture was slowly added to ultrapure water under stirring; the final molar ratio of water to
Ti(Obu),4 was 150. Then, the solution was kept under reflux condition at approximately 75°C
for 24 h. The resulting milky suspension was centrifuged, the supernatant was removed and
replaced with ultrapure bacteria-free water at least five times; the suspension was then
ultrasonicated for 1 h in a Branson 2510 sonicator operating at 100 W. Just prior to each
experiment, TiO, nanoparticles in ultrapure sterile water were dispersed by sonication at
room temperature for 30 s and re-suspended at final concentrations of 10 or 100 pug/mL in
RPMI 1640 cell culture medium [supplemented with 1% L-glutamine, 10% FBS, penicillin
(100 U/ml), and streptomycin (100 ug/ml)] leading to a transparent stable colloid of primary
anatase particles. This suspension was then added onto cells.

2.2 X-Ray Diffractometry and Fourier Transform Infrared Spectrometry for TiO,
nanoparticle characterization

A Philips X’pert thin film X-ray diffractometer with CuK radiation (Philips Analytical,
Netherlands); (operating parameters were 45 kV and 40 mA) was used to determine the
structure, phase composition, and mean size of anatase nanoparticles. The average grain was
estimated from the major X-ray diffraction (101) peak for the anatase phase using the
Scherrer formula (Suryanarayana, 1998). A high-resolution scan of (101) peak was utilized
for the latter. In addition, Fourier-transform infrared spectroscopy (Bruker Optics Vertex 70
FT-IR spectrometer) was used in transmission regime in the range from 4000 cm™1 to 400
cm~1 for the analysis of anatase nanoparticles.

Transmission electron microscopy was conducted using a FEI Tecnai 12 transmission
electron microscope at 80 kV acceleration voltage, and images were captured using a AMT
2048%2048 pixel CCD camera. To prepare the samples of TiO, nanoparticles for TEM
studies, a drop of dilute aqueous solution was deposited and dried on TEM nickel grid first
covered with a thin film of Formvar-supported carbon.
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2.3 Cell culture

H441 cells were obtained from American Type Culture Collection (passage 50; Manassas,
VA, USA) and grown in RPMI 1640 medium (Mediatech, Manassas, VA, USA) as described
before (Lazrak and Matalon, 2003; Lazrak et al., 2009).

2.4 Cytotoxicity assay

H441 cells were seeded at a density of 15x103 cells/well and grown for 24 h in 96-well
plates. Subsequently they were exposed for 1 h to 100 uL of 0, 10, or 100 pg/mL nano-TiO,
media suspensions. Cell membrane impairment was studied using the lactate dehydrogenase
(LDH) release assay (LDH Cytotoxicity Assay Kit Il, BioVision, USA) and cytotoxicity was
calculated according the manufacturer’s protocol. The principle of the assay is that the
amount of LDH (an intracellular enzyme) detected in the cell supernatant is directly
proportional to the magnitude of cell membrane impairment and thus to the number of dead
cells.

2.5 Measurement of Extracellular Hydrogen Peroxide (H,O») concentrations as an index
of oxidative stress

We measured H,0, as an index of extracellular level generation of reactive intermediates
generated by H441 cells incubated with nano-TiO,. H441 cells were seeded at a density of
15x103 cells/well and grown for 24 h in 96-well plates. Concentrations of H,05 in the cell
supernatant after incubation for 1 h with 100 pL of 0, 10 or 100 pug/mL nano-TiO,
suspensions, with the OxiSelect™ Hydrogen Peroxide Assay Kit (Cell Biolabs, USA)
according to the manufacturer’s instruction. This method is based on the ability of sorbitol to
convert peroxide to a peroxyl radical, which oxidizes Fe*2 into Fe*3. Then Fe*3 reacts with
an equal molar amount of xylenol orange in the presence of acid to create a purple product
that absorbs maximally at 540 nm. H,O, concentrations in the samples were calculated
using a standard curve of known concentrations of H,O, in RPMI media (range from 0-25

UM).

2.6 Intracellular reactive oxygen species (ROS) imaging

Intracellular formation of ROS was assessed by the oxidation of 2/,7/-dichlorodihydro-
fluorescein diacetate (DCFH-DA). When the reduced fluorescein moiety of DCFH-DA is
oxidized by cellular ROS, it emits a bright green light (Ex. 488nm/Em525 nm). H441 cells
were seeded at a density of 15x104 and grown for 24h in Lab-Tek Il Chamber Slides for
imaging. Cells were then incubated for one h with TiO,, washed twice with PBS and
incubated with 1 ml/well of HoDCF-DA (Invitrogen, USA) in cell media for 30 min at 37°C.
Subsequently, cell nuclei were counterstained with Hoechst 33342 (Invitrogen, USA) for 4
min. Cells were then washed twice with PBS/Ca?*/Mg2* and imaged immediately using
fluorescence microscopy with the appropriate filters (Leica DM RXA2 Fluorescent
Microscope with Simple PCI imaging software). All images were taken with a dry objective
at a magnification of 400x.
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2.7 Cell Adhesion assay

The assessment of H441 cell adhesion properties during incubation with TiO, nanoparticles
was done using the colorimetric Fibronectin CytoSelect™ 48-Well Cell Adhesion Assay
(Cell Biolabs, USA), according to the manufacturer’s protocol. 150 pL containing 3x10°
cells/mL with or without TiO, nanoparticles were added in wells coated with Fibronectin or
BSA (controls) and allowed to adhere for 1 h. Wells were then washed to remove unattached
cells, and the adherent cells were fixed and stained with Crystal Violet. Finally, the stain was
extracted by 30 min incubation with 10% Acetic Acid water solution and its optical density
mas measured at 540 nm.

2.8 Immunoblot analysis

For western blot analysis, cells were incubated with TiO, nanoparticles at concentrations of
0, 10, or 100 pg/ml for 1 h. The harvested cell pellets were lysed in Radio-
Immunoprecipitation Assay (RIPA) lysis buffer (Thermo Scientific, Rockford, IL, USA)
containing protease inhibitors (Roche Applied Bioscience, Indianapolis, USA). The cell
lysates were then analyzed for protein content with BCA protein assay (Pierce, Rockford,

IL, USA). Equal amounts of protein (30 ug) were loaded in 10% Tris-HCI Criterion precast
gels (Bio-Rad Laboratories, Inc., Hercules, CA, USA); proteins were transferred to
Polyvinylidene fluoride (PVDF) membranes (Bio-Rad Laboratories, Inc., Hercules, CA,
USA) and immunostained with integrin a5 (Santa Cruz), phosphor-ERK1/2, phospho-p38
and a-tubulin (Cell Signalling Technology, Danvers, MA, USA) antibodies. Appropriate
secondary antibodies conjugated to HRP were used. Protein bands were revealed by
enhanced chemiluminescence using HRP substrate (Pierce Biotechnology, Rockford, IL)
and X-ray films. Values were corrected for a-tubulin signal intensity. Lipid peroxidation was
assessed in the cell lysates treated as above and quantified with the OxiSelectTM
Malondialdehyde (MDA) Immunoblot Kit (Cell Biolabs, Inc., San Diego, CA) according the
manufacturer’s instructions as previously described (Zarogiannis et al., 2011).

2.9 Statistical Analysis

All data are expressed as means + SEM of the percentages of normalized data. Statistical
significance was determined with One-Way ANOVA for comparison among three groups. In
case of non-parametric data the analysis was performed by Kruskal-Wallis test for multiple
comparisons. Results were considered significant if p<0.05.

3. Results and Discussion

3.1 X-Ray Diffractometry (XRD), Fourier Transforms Infrared Spectrometry (FTIR) and
Transmission Electron Microscopy (TEM) for TiO, characterization

X-Ray Diffraction spectra of TiO, nanoparticles are shown in Figure 1a. Characteristic
diffraction peaks for the anatase phase are present and labeled in the spectrum. The existence
of a weak peak at approximately 260 = 30.4° may indicate the presence of a very small
amount of the brookite phase. The average size of anatase crystallites was estimated around
6 nm. These results are in good agreement with previously published data (Hamilton et al.,
2009).
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The FT-IR spectra of the prepared and cleaned anatase nanoparticles show strong absorption
band around at 435 cm™! that has been assigned Ti-O vibrations in anatase phase (Tong et
al., 2008) (Figure 1b). The broad band centered at 3390 cm~ and another band around 1640
cm~1 can been attributed to the surface-adsorbed H,O and —OH on TiO, particles. Other
low-intensity absorption bands observed 2920 cm™1, 2870 cm™1, 1423 cm™1 and 1342 cm™?!
are associated with small amounts of organic residue of the precursor material.

The TEM provided information on the size and shape of nanoparticles. As shown in Figure
1c the nanoparticles are in the range of 6 nm that corroborates the findings the XRD spectra
and their shape is spherical. However, nanoparticles agglomerate when dried on the
microscopic observation slide.

3.2 Short-term exposure of H441 cells to nano-TiO, induces cell death

Injury to H441 cells by nano-TiO, was assessed by measuring lactate dehydrogenase (LDH)
concentrations in the supernatant. As shown in Figure 2a there was a 2.8% increase in the
LDH in the 10 pg/mL group and a 6.2% increase in the 100 pg/mL group (p<0.001)
compared with baseline levels (n=24). Nanomaterial cytotoxicity is composition, size and
cell type specific (Sohaebuddin et al., 2010). In this study anatase TiO, was used, which is
estimated to be 100 times more cytotoxic than rutile TiO, (Madl and Pinkerton, 2009).
Exposure of human telomere-immortalized bronchiolar epithelial cells to 10 and 100 pug/mL
of similar size nano-TiO, for 24 h resulted in significant cytotoxicity (15 and 10%
respectively) (Sohaebuddin et al., 2010). In addition, exposure of HaCaT cells to 7nm size
and around 40 mg/mL TiO, suspension for 6 h resulted in 20% cell death (Horie et al.,
2010). In contrast, the cytotoxicity levels observed in our study were modest.

3.3 Short-term exposure of H441 cells to nano-TiO, increases extracellular Hydrogen
Peroxide (H,05) and intracellular reactive oxygen species (ROS) levels but does not induce
lipid peroxidation

Nano-TiO, are known to produce ROS spontaneously (in cell free media) (Veranth et al.,
2007). Moreover, H,0, has been shown to be produced in the cell supernatant of a rat
alveolar type 1l cell line after incubation with nano-TiO, for 18h (Kim et al., 2003). H,0O5 is
a non-radical ROS that is also produced in low concentrations by cells for signaling
purposes (Casanova et al., 2009). Therefore, we hypothesized that incubation of H441 cells
with nano-TiO, would increase the extracellular steady state levels of H,O,. To this end, we
incubated H441 cells with 0,10, and 100 pg/mL of nano-TiO, for 1 h, and assessed the
concentration of H,O5 in their supernatants. Consistent with previous findings (Kim et al.,
2003), significantly increased levels of H,O5 levels were detected in H441 cells exposed to
100 pg/mL of nano-TiO, for 1 h as compared to controls (4.78 + 0.09 uM vs. 1.47 £ 0.06
UM, p<0.01; 3-fold increase as shown in Figure 2b). Exposure of H441 cells to 10 pg/mL of
TiO, did not increase H,O, concentrations in the extracellular medium (1.59 £ 0.08 UM vs.
1.47 £ 0.06 pM).

Nano-TiO2 have been reported to produce increased intracellular stress depending on the
particle size, cell type and duration of exposure (Horie et al., 2010; Sohaebuddin et al.,
2010), although there are no data on their effects on H441 cells. In our next series of
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experiments, we incubated H441 cells with the redox sensitive dye DCFH-DA dye for 30
min and subsequently with 0,10, and 100 pg/mL of nano-TiO for 1 h. Cells incubated for 1
h with 100 but not 10 pg/mL of nano-TiO, exhibited significant fluorescence (Figure 2c)
indicative of the existence of reactive intermediates. However, no significant increase of
lipid peroxidation was observed in western blots probing for MDA adducts (data not shown).

3.4 Short-term exposure of H441 cells to nano-TiO2 decreases their ability to adhere to
fibronectin through ERK1/2 phosphorylation

Clara cells are considered progenitor cells of the small airways and play a pivotal role in the
injury repair of the bronchi and the alveolus, by migrating and adhering to the site of injury
(Atkinson et al., 2008; Dombu et al., 2010). We assessed the effect of TiO, nanoparticles on
the adhesion of H441 cells to fibronectin, a key component of the extracellular matrix. Clara
cells express alphab integrin and exhibit higher adhesion towards fibronectin than any other
extracellular matrix substrate (Atkinson et al., 2008). Exposure to low (10 ug/mL) TiO,
concentration did not alter the ability of cells to adhere to the fibronectin substrate as
compared to control measurement. However, as shown in Figure 3a, high (100 pug/mL)
concentrations of TiO, significantly impaired the ability of H441 cells to adhere to
fibronectin by approximately 25% (p<0.01).

Reactive oxygen species and extracellular H,O, are known to induce the mitogen activated
protein kinase (MAPK) signaling pathways (Song, 2004; MCCUBREY et al., 2006).
Furthermore, it has recently been shown in neutrophils that nano-TiO» induce the
phosphorylation of ERK1/2 kinase and p38 MAPK (Gongalves et al., 2010). On the other
hand, the cellular fibronectin receptor is a5 integrin and is required for adhesion to
fibronectin, and ERK1/2 activation reduces the membrane levels of a5 integrin (Chen et al.,
2008). Therefore, we performed western blot analysis to find out whether phosphorylation of
ERK1/2 and p38 occurs after nano-TiO» incubation for 1h at the concentrations of 0, 10 and
100 pg/mL. a-Tubulin was used as a loading control. As seen in a typical experiment in
Figure 3b phospho-ERK1/2 is increased 5-fold (100 ug/mL) and 2-fold (10 pg/mL)
respectively as compared to the control. We did not detect any changes in the phospho-p38
or total p-38 (data not shown). In order to assess whether ERK1/2 inhibition would restore
the adherence properties of H441 cells, we pre-incubated them with the ERK1/2 inhibitor
UO126 (10 uM) for 3 h and repeated the adhesion experiment. As seen in Figure 3c the
adhesion was partially restored to 90.5% of control values (p<0.05).

ERK1/2 activation is an established factor of a5 integrin activation (Hughes et al., 1997).
Since we observed reduced cell adhesion to fibronectin after the exposure of H441 cells to
100 pg/mL we tested whether inhibition of ERK1/2 would have any effect on the protein
expression levels of a5 integrin. We found that after inhibition of ERK1/2 the levels of the
expression of a5 integrin were not altered as shown in Figure 3d. This finding along with the
increased ERK1/2 activation can account for the observed decreases in adhesion. In support
of our data, it has also been reported that nano-TiO, may impair microtubule formation by
decreasing tubulin polymerization which is necessary for adhesion (Gheshlaghi et al., 2008).

Our study also has some limitations such as the fact that our studies were performed using a
cell line while the actual responses in vivo or even in situ may be completely different.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2016 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zarogiannis et al.

Page 8

Additionally, we have not used a negative or positive control in our experiments since
throughout the experimental procedure our results were concentration specific (only 100
pg/mL exhibited biological effects, while 10 pg/mL had no effects). This observation implies
that these cell responses are not generalized nanoparticle responses and that there is a
specific threshold concentration of nano-TiO, that leads to deleterious effects on H441 cells.
Finally, our study focused on adhesion effects and association with ERK1/2 activation. We
did not examine thoroughly the component of reactive oxygen species scavenging and
associated effects on adhesion recovery, which is the objective of an ongoing project of our

group.

In conclusion, as shown in the schematic of Figure 4, our data show that short-term exposure
of H441 cells to TiO, anatase nanoparticles in concentration of 100 pug/mL leads to
increased extracellular and intracellular oxidative stress that activates ERK1/2 and results in
impairment of the adhesion towards fibronectin. These results stress the need for further
investigation of the toxic effects of TiO, nanoparticles in the respiratory system.
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Extra- and intra- cellular oxidative stress.
Activation of ERK1/2.

Decreased adherence to fibronectin substrate.
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Figure 1. Nano-TiO5 characterization
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(a) X-Ray diffractometry, (b) Fourier Transform Infrared Spectroscopy and (c) Transmission
Electron Microscopy of 6 nm diameter TiO, anatase nanoparticles in distilled water (scale

20nm).
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Figure 2. Cytotoxicity and extracellular and intracellular oxidative stress after nano-TiOy

exposure

(a) Normalized % cytotoxicity after Lactate Dehydrogenase measurement in cell
supernatants of H441 cells incubated with 0, 10, and 100 pg/mL TiO5 for 1 h, (b)

Normalized concentration of H,O, in cell supernatant of H441 cells incubated with 0, 10,
and 100 pg/mL TiO5 for 1 h, (c) Imaging of DCF in (a) untreated H441 cells without DCF
loading, (b) H441 cells loaded with DCF and incubation with 10 pg/mL TiO5 for 1 h and (c)
H441 cells loaded with DCF and incubation with 100 pg/mL TiO5 for 1 h.
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Figure 3. Nano-TiO5 decrease adhesion to fibronectin partially due to ERK1/2 activation
(a) Normalized % adhesion of H441 cells that were allowed to adhere for 1 h in fibronectin

substrate while being incubated with 0, 10, and 100 pg/mL TiO, for 1 h. (b) Western Blot
analysis of alpha-5 integrin, phosphor-ERK1/2 and a-tubulin in H441 cell lysates after
incubation with nano-TiO, for 1 h. Lanes 1: 0 pg/mL, 2: 10 pg/mL, and 3: 100 pg/mL. a-
tubulin was examined as a loading control. (¢) Normalized % adhesion of H441 cells that
were pretreated with the ERK inhibitor UO126 for 3 h and then allowed to adhere for 1 h in
fibronectin substrate while being incubated with 0, 10, and 100 pg/mL TiO, for 1 h. (d)
Western Blot analysis of alpha-5 integrin, phosphor-ERK1/2 and a-tubulin in H441 cell
lysates after pre-treatment with ERK1/2 inhibitor UO126 (10uM) for 3 h and subsequent
incubation with 100 pg/mL nano-TiO5 for 1 h. (=) No UO126, (+) UO126. a-tubulin was
examined as a loading control.
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Figure 4. Proposed mechanism of nano-TiO2 effects on cell adhesion to fibronectin
Schematic depicting the proposed mechanism through which incubation of H441 cells with

100 pg/mL nano-TiO, for 1 h results in impaired adhesion towards fibronectin. More
specifically, nano-TiO5 increases extracellular HoO, and intracellular reactive oxygen
species production, induces ERK1/2 activation and decreases adhesion of H441 cells to
fibronectin.
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